The genes encoding the DNA gyrase A and B subunits of Bacteroides fragilis were cloned and sequenced. The gyrA and gyrB genes code for proteins of 845 and 653 amino acids, respectively. These proteins were expressed in Escherichia coli, and the combination of GyrA and GyrB exhibited ATP-dependent supercoiling activity. To analyze the role of DNA gyrase in quinolone resistance of B. fragilis, we isolated mutant strains by stepwise selection for resistance to increasing concentrations of levofloxacin. We analyzed the resistant mutants and showed that Ser-82 of GyrA, equivalent to resistance hot spot Ser-83 of GyrA in E. coli, was in each case replaced with Phe. These results suggest that DNA gyrase is an important target for quinolones in B. fragilis.
MATERIALS AND METHODS
Antibacterial agents. All quinolones used in this study were synthesized at Daiichi Pharmaceutical Co., Ltd., Tokyo, Japan.
Bacterial strains, plasmids, and DNA manipulations. B. fragilis ATCC 25285 was grown in general anaerobic GAM broth (Nissui, Tokyo, Japan) at 37°C in an anaerobic box. To construct a genomic library, chromosomal DNA was extracted from B. fragilis ATCC 25285. The E. coli strains used for plasmid transformation were MC1061 and DH5␣ (19) . Plasmid pUC18 was used to construct libraries and to subclone DNA inserts. Plasmid pMAL-c2 (New England Biolabs) was used to construct plasmids for overexpression of the GyrA and GyrB proteins of B. fragilis in E. coli. Manipulations of DNA, including plasmid extraction, electrophoresis, Southern hybridization, and colony hybridization, were carried out by standard methods (19) . For Southern and colony hybridization, DNA was radiolabeled with 50 Ci of [␣- 32 P]dCTP (300 Ci/mmol), using the Multiprime DNA labeling kit (Pharmacia-Amersham).
Determination of MICs. The MICs were determined by a standard agar dilution method with GAM agar (Eiken Chemical Co., Ltd., Tokyo, Japan). Drugcontaining agar plates were inoculated with one loopful (5 l) of an inoculum corresponding to about 10 4 CFU per spot and were incubated for 18 h at 37°C. The MIC was defined as the lowest drug concentration that prevented visible growth of bacteria.
DNA sequence analysis. DNA fragments were subcloned into plasmid pUC18 and sequenced by the chain termination method with a fluorescence sequencer (Pharmacia-Amersham). Amplification of the QRDR of the gyrA and gyrB genes from B. fragilis ATCC 25285 and its levofloxacin-resistant mutants was carried out by PCR with genomic DNA as a template. For the QRDR of gyrA, the forward primer was Pr-BFGA03, 5Ј-ATGCTTGAACAAGACAGAATTATAA AG-3Ј (gyrA positions 1 to 27) and the reverse primer was Pr-BFGA02, 5Ј-GA CTGTCGCCGTCTACAGAACCG-3Ј (324 to 346). The primers for the QRDR of the gyrB gene were Pr-BFGB03, 5Ј-GACCCGCAGAAGTGTGAGTTATTC C-3Ј (gyrB positions 1279 to 1303) and Pr-BFGB04, 5Ј-TTTCAAGCGCTTTG TGATACATGGC-3Ј (1405 to 1429). The PCR conditions were 25 cycles of 94°C for 0.5 min, 60°C for 0.5 min, and 72°C for 1 min. The 346-bp gyrA and 151-bp gyrB PCR products were cloned into pCRII (Invitrogen) for DNA sequence analysis.
Protein expression. GyrA and GyrB of DNA gyrase were expressed separately as fusion proteins with maltose-binding protein (MBP) by using the pMAL-c2 expression vector. Each gene was amplified by PCR and inserted into the expression vector. In the reverse primers, a HindIII or PstI site was introduced for cloning purposes. For gyrA, the forward primer was Pr-BFGA03, 5Ј-ATGCTT GAACAAGACAGAATTATAAAG-3Ј (gyrA positions 1 to 27), and the reverse primer was Pr-BFGA04, 5Ј-AGTTGTTAAGCTTTTGCGAAGTCAGG-3Ј (2777 to 2802; HindIII). The primers for the gyrB gene were Pr-BFGB01, 5Ј-A TGAGCGAAGAACAGAATCCCACC-3Ј (gyrB positions 1 to 24), and Pr-BFGB02, 5Ј-ATTTTCCTGCAGCGCCGGCGCTTC-3Ј (2001 to 2024; PstI). PCR was carried out on genomic DNA from strain ATCC 25285 as follows: 20 cycles of 94°C for 0.5 min, 65°C for 0.5 min, and 72°C for 2 min. The PCR products were digested with restriction enzymes, ligated into expression vectors, and transformed into E. coli MC1061. Protein production was induced with isopropyl-␤-D-thiogalactopyranoside (IPTG), and each protein was purified as described previously (29) .
DNA gyrase assay. The supercoiling activity of DNA gyrase, the conversion of relaxed pBR322 DNA to the supercoiled form, was detected by the method described previously (28) . Nucleotide sequence accession numbers. The DNA sequences corresponding to the gyrA and gyrB genes have been assigned GenBank accession no. AB017712 and AB017713, respectively.
RESULTS
Cloning and sequencing the gyrA and gyrB genes of B. fragilis. Southern blot hybridization analysis of genomic DNA from B. fragilis ATCC 25285 revealed that a 1.5-kb EcoRI fragment and a 4-kb SphI fragment hybridized to the E. coli gyrA and gyrB probes, respectively (data not shown). These fragments were isolated by colony hybridization of a size-selected B. fragilis ATCC 25285 EcoRI fragment library and an SphI fragment library. DNA sequence analysis of both clones indicated that the sequences showed high homology with gyrA and gyrB of E. coli. To obtain full-length gyrA and gyrB genes, a partially Sau3AI-digested genomic library was screened with the two genes as probes. Fragments of 1.8 and 3 kb were screened by the gyrA probe, and a 0.6-kb fragment was screened by the gyrB probe. Analysis of the nucleotide sequences revealed two open reading frames for GyrA and GyrB. The gyrA and gyrB genes encoded 845-and 653-residue proteins with predicted molecular masses of 95.7 and 70.9 kDa ( Fig. 1 and 2 ). The deduced products of gyrA and gyrB exhibited 48 and 52% identity, respectively, to GyrA and GyrB of E. coli. The homology of the GyrA QRDR between B. fragilis and E. coli was particularly high (70%), suggesting that this region of B. fragilis is also related to quinolone resistance (Fig. 3) .
Purification of GyrA and GyrB in E. coli. To identify the proteins encoded by gyrA and gyrB, we overexpressed the proteins and examined their enzymatic properties. The putative GyrA and GyrB proteins were expressed as MBP fusion proteins and purified separately. The bands for each protein on a sodium dodecyl sulfate-polyacrylamide gel stained with Coomassie brilliant blue were about 95 and 70 kDa for GyrA and GyrB, respectively (Fig. 4) . Neither protein alone had supercoiling activity, but the reconstituted proteins showed ATPdependent enzymatic activity (Fig. 4) . These results demonstrate that the 95-and 70-kDa proteins of B. fragilis are GyrA and GyrB, respectively.
Sequence analysis of stepwise-selected levofloxacin-resistant mutants of B. fragilis. In order to examine the role of DNA gyrase in quinolone-resistant B. fragilis, we developed mutants of susceptible strain ATCC 25285 by stepwise exposure to levofloxacin. In the first round of selection, isolate ATCC 25285 (approximately 10 8 CFU) was plated on GAM agar plates containing increasing concentrations of levofloxacin in multiples of the MIC. More than 100 colonies (first-step mutants) grew on the plate containing 0.78 g of levofloxacin/ml, and no growth was seen at higher drug concentrations. Two first-step mutants (L1-1 and L1-2) were selected for gyrA sequence analysis. Mutant L1-1 was exposed to increased drug levels on plates. At a concentration of 3.13 g/ml, more than 100 colonies (second-step mutants) were able to grow. Thirdand fourth-step mutants, which grew in the presence of 12.5 and 25 g of levofloxacin per ml, respectively, were generated similarly. Mutant strains were also cross-resistant to other quinolones: sitafloxacin, ciprofloxacin, and sparfloxacin (Table  1) .
A 346-bp gyrA fragment spanning codons 1 to 115 was amplified by PCR from levofloxacin-resistant mutants. This region encompasses sequence equivalent to the quinolone resistancedetermining region of E. coli GyrA (residues 67 to 106). PCR products were ligated into plasmid pCRII, and the inserts were sequenced. The nucleotide sequences of the PCR products from L1-1 and L1-2 were identical to that of ATCC 25285. However, PCR products from second-step mutants carried a single-nucleotide change compared to the wild type. A TCTto-TTT alteration was found at codon 82, which would result in a Ser-to-Phe substitution in GyrA. Sequence analysis of PCR products from third-and fourth-step mutants (in each case, two mutants were examined) did not reveal further mutations in this region of the gyrA gene. The QRDR of gyrB (residues 436 to 467) of levofloxacin-resistant mutants was also amplified and analyzed. The nucleotide sequence of this region of all mutants was identical to that of ATCC 25285.
DISCUSSION
We have cloned and characterized the gyrA and gyrB genes of B. fragilis. Assignment was based on close sequence homology to E. coli DNA gyrase subunits and the demonstration that when expressed in E. coli, the reconstituted GyrA and GyrB proteins showed ATP-dependent supercoiling activity, which is characteristic of DNA gyrase. The QRDR is highly conserved among B. fragilis, E. coli, and S. aureus. Ser-82 and Tyr-121, which are reported to be sites important in quinolone resistance and DNA breakage reunion (12, 21) , respectively, were conserved among the three strains.
We isolated a series of B. fragilis ATCC 25285 mutants resistant to levofloxacin by stepwise selection on plates containing increasing drug concentrations (Table 1) . These strains also exhibited cross-resistance to other quinolones. By examining gyrA genes in the quinolone-resistant ATCC 25285 mutants, we found mutation of Ser-82 to Phe in GyrA. As this residue is equivalent to the resistance hot spot Ser-83 of GyrA in E. coli (5, 10, 23, 31) , the mechanisms of quinolone resis- tance for the two species are likely identical, and the mutation is related to quinolone resistance. Mutations in gyrB are also related to quinolone resistance (33), but no mutation was detected in our strains. Although gyrB mutations were not involved in quinolone resistance in this study, mutations in gyrB may, in general, be related to quinolone resistance in B. fragilis. Since no other mutation was detected in the GyrA and GyrB QRDRs of the highly quinolone-resistant strains L3 and L4, mutations in other regions may occur. Mutations in parC or parE are possible explanations. No mutation was detected in the first-step mutants (L1). As the level of resistance is modest, it is conceivable that an efflux pump or outer membrane permeability is related to quinolone resistance in first-step mutants (20) . In this study, no mutation besides Ser-82 was observed in the QRDR of gyrA in the quinolone-resistant mutants, but alteration of Phe-86, which is equivalent to Asp-87 of GyrA in E. coli (5, 10, 23) , or other alterations of GyrA may also confer quinolone resistance in B. fragilis.
In the gram-negative species E. coli and N. gonorrhoeae, quinolone resistance arises initially from a mutation in gyrA, and additional mutation of parC leads to highly resistant isolates (1, 13, 15) . Thus, DNA gyrase appears to be the primary target in these bacteria, with topoisomerase IV acting as a secondary target. Although the parC gene of B. fragilis is not yet cloned and analyzed, the observation of GyrA mutations in quinolone-resistant mutants indicates that DNA gyrase is an important target for quinolones in B. fragilis.
For further study of quinolone resistance in B. fragilis, analysis of the topoisomerase IV gene and efflux pumps is needed. Additional characterization of the B. fragilis gyrA and gyrB genes reported here should facilitate further understanding of this important anaerobic pathogen. The MIC is the lowest drug concentration at which no bacterial growth on GAM agar plates was observed after anaerobic incubation overnight at 37°C. LVFX, levofloxacin; STFX, sitafloxacin; CPFX, ciprofloxacin; SPFX, sparfloxacin.
